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Introduction

The Transforming Growth Factor beta (T@)-superfamily includes three isoforms
designated TGPB1, 2 andB3. All three isoforms are secreted as latent complex where the TGF-

B cytokine is non-covalently associated with an isoform specific latency-associated peptide
(LAP). Mature cytokine binds cell surface receptors only after release from its LAP making
extracellular activation a critical regulatory point for T@Bioavailability. Proposed activation
mechanisms include proteolysis and conformational changes. Previous work from our laboratory
showed that latent TGB1 (LTGF{1) is efficiently activated upon exposure to reactive oxygen
species (ROS).

ROS activation is restricted to the LT@E-isoform. Because of the amino acid sequence
differences between the three LAPs, we postulate that the specificity of this activation
mechanism lies within the LAP. Furthermore, we hypothesize that the presence of a metal in the
latent complex could provide a redox active center for this process. Redox mediated activation
provides a novel mechanism for T@Fparticipation in tissues undergoing oxidative stress.
Moreover, this would allow TGPB1 to act both as a sensor of oxidative stress within tissues as
well as a transducer of that signal by binding to its cellular receptors.
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Progress

We have characterized the effect of reactive oxygen species (ROS) o8 TARhis research

has discovered that LT@FL contains a redox switch centered at methionine 253, which
provides the mechanism by which ROS mediates activation by the oxidation oBLT.GFhis
mechanism of activation leads to the rapid and efficient release of3IGkdependent of a
requirement for = other proteins. Detailed information for this work is publish&adration
Research Joblinget al (2006), which summarizes the work until the 2006 annual report and has
been attached into the appendix of this report to review further details.

To enable LTGPB-1 to act as a redox switch, we postulate the presence of transition metals bound
either adventitiously or specifically to LARE. The combination of a transition metal with ROS
would lead to site specific oxidation of methionine 253 and activation of the latent complex. The
standard methods to determine the presence of metals in proteins, like atomic absorption
spectrometry, inductively coupled plasma combined with atomic emission spectroscopy (ICP-
AES), mass spectrometry (ICP-MS), synchrotron techniques such as x-ray fluorescence
spectrometry, or extended x-ray absorption fine structure (EXAFS), require large amounts of
protein. These tests are impracticable in the case of BT@lkich is difficult and costly to
synthesize and purify in quantity. Therefore, we worked on the optimization of a new
chemiluminescent and colorimetric method described by Hogi@in(2005). The advantage of

this method is the low concentration of proteins used to determine the presence of transition
metals.

The results obtained for these experiments are included in the 2007 annual repot. The data showed
that at least 1 nmol of metal is necessary to run the test with confidence. We therefore calculated
the minimum amount of LTGPB- necessary for the assays according to its molecular weight
(110KDa) and assuming one metal ion bound per molecule. The minimum amount of 1nmol of
metal ion per well necessary as determined in the above standardization assays translates into
10Qug of LTGF{ per well (&), which corresponds to a concentration of J#&jful. This is still a

very high concentration of LTGEB-especially because it is biologically functional on the order of
picomolar concentrations. It is very difficult to obtain by synthesis or commercially such high
guantities of LTGH3, even more for all three different isoforms. In order to investigate further
determination of transition metal binding to LT@Fwe had been looking for different sources to
obtain the necessary amount of protein to run the analysis but unfortunately it was impossible for
us to get enough quantity of LTG0 run the test with confidence.

To further study the activation of LTFL by ROS, we transduced immortalized wild type or
Tgf 51 null murine embryonic fibroblasts (MEF) with cDNA encoding wild type LT@For a
mutant LTGFB1 bearing a point mutation that substitutes methionine for alanine at position 253
(Jobling et al. 2006). As described before the M253A mutation leads to loss of response of LTGF-
1 to ROS.

Because transfection efficiency is very low for primary fibroblasts and because stable transfection
is a long process, we followed a procedure (Jianming Xu, 2005) to obtain immortalized MEF cell
lines prior to transfection. Several strategies were used to transfect the MEF cell lines with the WT
and mutant LTGH1, although none of them was able to transfect with success. In the last two



month of project, we successfully stably transduced the LFGBEnd the three mutant versions
(M112A, M132A or M253A) cDNAs using virus particles. The WT and mutant LPEEDNA
sequences were inserted into a pCDNAS vector. The cDNAs sequences of interest were transferred
from the pCDNAS3 vector to a pMSCVpuro to generate viral particles used to transduce the WT
and mutant LTGH1 cDNAs into the MEF cell lines.

The first step consisted of digestion with the restriction enzyme EcoRI to cut the cDNAs of interest
from the vector pCDNA3. Then the cDNAs sequences were purified from the vector sequences
using a high grade agarose gel. Once recuperated the cDNAs were ligated into the pMSCVpuro
vector. Five different pMSCVpuro vectors were generated containing one of the corresponding
LTGF-31 cDNAs. Each one of those vectors was used to transfect PT67 cells. Transfected PT67
cells produced viral particles containing the sequences of interest. These viral particles were
secreted to the culture media which was collected and incubated to transduce our MEF cell lines
(MEF TgfBZnull or wildtype). Finally the MEF cell lines were grown with puromycin to select
only the transduced MEF cells.

After selection with puromycin, the transduced MEF cells were split in two groups sham and
treated with IR (1Gy). After the treatment, the media of both groups was switched to serum-
replacement conditioned medium (SRM) and collected 24h later. Media subjected to heat, a
treatment known to result in LTGFB-1 activation, will be used to measure the presence pf TGF-
and compare the results obtained for non-transduced MEF cells between different mutant versions
of LTGF{31 transduced into MEF as well as sham and irradiated groups. Although we have
finished collecting the media samples, the presence of LFIGKHI be measured on the following
weeks after submit this report.

Conclusions

We identified LTGFB1 as the unique LTGPB-isoform that is activated by ROS, and showed
that the target for ROS-activation is located in the methionine 253 of thg3ILAPRe fact that

the LAP{31 oxidation is reversible indicates that LTGE-could act as a redox switch. T@GHs

clearly implicated in the response to ROS, generating tissue response to inflammation (Wahl
1994), ischemia (Anschet al. 1995), and radiation (Ewan & al. 2002), which could lead to a
cascade were LTGP1 is activated by ROS and TGH- stimulates cells to produce ROS.
Overproduction of TGE is frequently a contributing factor to progressive fibrosis (Takehara
2003), autoimmunity and chronic inflammatory diseases (W. Chen and S. M. Wahl, (1999)) as
well as cancer (Derynckt al. (2001)).

Recent reports have confirmed in a large cohort that aBIG#elymorphism that leads to
increased synthesis associates with risk of breast cancer (CoxetldaC. 2007). Genetic
polymorphisms are defined as small variation in the genetic sequence of different individuals can
lead to diverse phenotypes. Our observations prove that only one (BI)&Fthe three LTGF-

B isoforms could be activated with ROS and this characteristic is due to a single amino acid
variation at position 253. These observations suggest that further investigation in humans might
examine this region for polymorphisms that could affect the activation o TiyFROS and
thereby alter the response to oxidative stress.
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ROS ACTIVATION OF LTGF-p1

TABLE 1
Primers Used for Generation of Methionine Mutants

Mutation Mutagenic primers
Met 112-Ala Forward: 5'-gtcacocgogtgoetagggtggaaacccacaacy-3
Reverse: 3' -ogrogogggr ttocacoGCtagoacgodgargac-3
Met 132-Ala Forward: 3'-grtacacacagoatatatGCgitot todacacatcagage-3'
Reverse: 53’ -gototgargrgt tgaagaacecararargergrgrgrac-3
Met 253-Ala Forward: 5'-gocaccat toatggoedgaacoggootttoctaa-3

Reverse: 5’ -graggaaaggocggttoeCyccatgaarggtgaga-3

Notes. Forward and reverse primers used lo generate the three mutant LTGF-1 proteins are shown. Nucleotides
shown in bold resulted in the substitution of alanine for methionine.

Standard modes of activation of LTGF-j2 in solution use
highly acidic or basic solutions or treatment with heat (8).
Physiologically relevant modes of activation include pro-
teolysis by direct cleavage of LAP or by proteolytic cas-
cades (2, 9-11), binding by thrombospondin or integrins
(/2-15), and deglycosylation (/6). However, these mech-
anisms require the participation of one or more additional
proteins generally localized to the cell surface. Previously,
we demonstrated that LTGF-f3 is activated rapidly and glob-
ally by ionizing radiation in vive® (17-19). Because reactive
oxygen species (ROS) are a product of the interaction of
ionizing radiation with water and biological materials (20),
we postulated that the rapid activation of LTGF-j3 in vive
was due to ROS generated by ionizing radiation. Further
studies using recombinant protein were conducted to show
that a solution source of ROS efficiently activates
LTGF-p in the absence of cells or other proteins (27).

In the current study, we determined the specific reactive
oxygen radical and protein determinants of ROS-mediated
activation of LTGF-p. Comparison of LTGF-{ isoforms re-
vealed that only LTGF-B1 is susceptible to ROS activation.
We show that ROS activation depends on OH", supporting
oxidation-induced conformational change. We determined
that the sensitivity to ROS activation lies within LAP-(31
and depends on a conserved methionine at amino acid po-
sition 253. Taken together, these observations suggest that
ROS-mediated activation is due to a redox switch involving
methionine 253 in LAP-31. Oxidation of this switch is suf-
ficient for rapid and efficient release of TGF-21 indepen-
dent of any other proteins, which allows ROS to elicit rapid
activation of LTGF-B1, which in turn orchestrates multi-
cellular responses to oxidative stress.

MATERIALS AND METHODS

Reagents. Carrier-free recombinant human TGF-Bl1. TGF-p2, LAPI
and goat anti-TGF-23 polyclonal antibody were purchased from R&D
Systems (Minneapolis, MN). Wild-type LTGF-1 was a kind gift from
Dr. Monica Tsang (R&D Systems). Luciferin was purchased from Pro-
mega Corporation (Madison, WI). N-Acetyl-3,7-dihydroxyphenoxazine

*E. 1. Ehrhart. HZE and Proton Induced Microenvironment Remod-
eling Mediated by Transforming Growth Factor-B 1. Department of Ra-

diotogical Health Sciences, Colorado State University, Fl. Collins, CO,
1996,

(A-6550) was purchased {rom Molecular Probes (Eugene. OR). Couma-
rin-3-carboxylic acid was purchased from Aldrich Chemical Company
Inc. (Milwaukee, WI). An ammonium sulfate suspension of superoxide
dismutase (SOD) prepared from bovine liver was purchased from Sigma
(5L Louis. MO). All solutions were prepared with sterile-fillered double-
delonized water All other materials were reagent grade and purchased
from the Sigma Chemical Company.

Expression of LTGF-g3. Recombinant ¢DNA clone for murine
LTGF-A3 was obtained from Dr. Lalage Wakefield (NCL, Bethesda. MD).
The entire cDMNA was excised from the pBluescript KS1I( +) vector (Stra-
tagene) using Hindlll and BamHL at the 5" and 3" ends. respectively.
The fragment was inserted into the pcDNA3 L(+) vector ilnvilrogen)
cleaved with the same enzymes. CHO-K1 (ATCC CCL-61) cells were
maintained in FI2 K medium (Invitrogen) containing 10% FBS. 1.5 gf
liter sodium bicarbonate, and 2 mM r-glutamine. For mammalian ex-
pression of LTGF-R3, the pcDNA3S. 1(+) vector containing murine LTGF-
B3 was transfected into CHO-K 1 cells using the Lipofectamine transfec-
tion reagent (Invitrogen), following the manufacturer's instructions. Sta-
ble cell lines were selected with G418 (800 pwg/ml). Activity experiments
were performed using serum-free medium.

Expression and purification of LTGF-B2. LTGF-A2 was produced at
Genzyme (Cambridge, MA) from a transfected CHO cell line. The protein
was captured on an SO.-Fractogel (EMD Chemicals Inc.) cation exchange
column. eluted in 50 mM sodium phosphate. 500 mM sodium chloride,
pH 7.0, and stored frozen al —40°C. LTGF-2 was then passed through
10 ml of Sephadex G-25 size-exclusion resin to remove low-molecular-
weight impurities. Further purification was achieved using a Hewlett
Packard 1100A HPLC. Protein was fractionated on a Zorbax C8 semi-
preparative column using a gradient developed from 5% to 90% aceto-
nitrile in water containing 0.1% wifluoroacetic acid for 45 min at a flow
rate of 4 ml per minute. Protein was moenitored al 230 nm. Eluted protein
was concentrated under vacuum, resuspended in [0 mM phosphate-buff-
ered saline, and stored at —30°C. Protein purity was visualized by Coom-
assie Brilliant Blue staining of SDS-PAGE.

Generation of LTGF-B1 mutants. The generation of methionine mu-
tations at positions 112, 132 and 253 were performed using the
QuickChange® mutagenesis kit (Stratagene) according to the manufac-
turer’s protocol. Briefly, two primers were designed around each of the
targeted methionines. The methionine was changed into alanine {methi-
onine codon AUG, alanine codon GCG) by replacing the AT nucleotides
found in the methionine coding sequence of TGF-g1 (NM_000660) with
GC in the mutagenic primers (Table 1). The TGF-B1 gene, cloned into
pcDNA3Z L, was subjected to PCR amplification and selection. The pres-
ence of the mutation at each position was confirmed by sequencing. The
mutated clones were vsed for transient transfection of HEK 293 cells
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Approximately L8 h after transfection, the cells were washed
twice with serum-free medium and left in a minimal velume of serum-
free DMEM/F12 medium for approximately 30 h. This medium was col-
lected for testing in the Fe(lll ¥ascorbate activation assay. LTGE-B1 cys-
teine 33—serine mutant (22) was transfected into HEK-293 cells using
Lipofectamine 2000, and a stable cell line expressing this mutant was
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achieved by selection with G418 in DMEM supplemented with 5% FBS.
To collect medium containing LTGF-B1 cysteine 33—serine mutant for
testing, the cells were washed twice with PBS and incubated for approx-
imately 48 h in serum-free DMEM. This medium was tested in the
Fe(lll}ascorbate activation assay.

Cuantification of TGF-B. The biological activity of TGF-3 was mea-
sured by monitoring luciferase activity in mink lung epithelial cells trans-
fected with a plasminogen activator inhibitor 1 (PAI-1) promoter-lucif-
erase reporter construct (23). Brefly, 50 pl of 3.2 % 0¥ cells per mil-
liliter was plated in 96-well plates in 0.5% fetal bovine serum in Dul-
beceo's modified Eagle medium. Samples and standards were assayed in
triplicate using siliconized tubes. Three hours afier cell plating, samples
or standards were added 1o wells and incubated for 16—19 h at 37°C in
95% air/5% CO,. The cells were washed with PBS and lysed in a 50-pl
volume of a lysis buffer for 20 min. The luciferase activity was measured
using an EG&G Berthold Microlumat LB 96P {Oak Ridge, TN) for 10 s
immediately after autoinjection of 50 pl of luciferase substrale and re-
corded as relative light units integrated over time. A standard curve using
rTGF-B1 was generated in every experimenl. In some experiments, a
tenfold excess of polyclonal TGF-B3 neutralizing antibody (20-80 ng/
ml) was added to confirm isoform specificity. DNA quantification was
assayed to ensure that addition of experimental variables such as ROS
scavengers did not alfect cell viability.

Treamment of TGF-3 with ascorbic acid and Fe(lll). All experiments
were conducted in siliconized plastic tubes, and solutions were prepared
with sterile. deionized water treated with the metal-chelating resin chelex-
100 (1 /10 ml) by stirring overnight. Untreated LTGF-1 was used to
identify the activity of the starting material, and heat treatment of
LTGF-£1 at 80°C for 5 min was used as a positive conirol for activation
(&), The standard condition for ROS-mediated LTGF-J activation was
incubation with ascorbic acid (200 pM) and ferric chloride (20 pM plus
200 pM EDTA) in metal-depleted saline at 37°C for 2 h wilth agitation
(20, rTGF-f was substituted for LTGF-p in some experiments. Substi-
tution of dehydroascorbic acid (DHA: 200 pM) for ascorbic acid was
carried out in the same manner. ROS scavengers, SOD (16 U). heat-
denatured S0OD, catalase, heat-denatured catalase, and hydrogen peroxide
were added prior (o addition of Fe(Il[V/ascorbate. Addition of Fe(ll) (20
M) and H,O, (at indicated concentrations) to LTGF-B1 was carried out
as described for the Fe(lll Wascorbic acid experiment. The total sample
volume was 40-100 pl. After incubation, samples were diluted as nec-
essary to the effective range of the bicassay. All experiment constituents
were tested for bioactivity by performing the incubation without the ad-
dition of the cytokine. Purified LTGF-B2 and medium conditioned by
CHO-K1 cells overexpressing LTGF-B3 were exposed under the same
conditions described above for the LTGF-1 studies.

Detection of H,Q, after ROS scavenger addition. The H,O, assay was
adapted from information provided by Molecular Probes (Eugene, OR).
A 50 pM solution of A-6550 in PBS (196 pl) was mixed with an ex-
perimental sample (2 pl) at 0. 60 and 120 min after addition of ROS.
Horseradish peroxidase was added to a final concentration of 75 pM.
Each sample was scanned 30 min after addition of samples using a Fluo-
rescence multi-well plate reader (Series 4000, PerSeptive Biosystems.
Dublin, CA) at 530 nm excitation and 590 nm emission. A standard curve
of Hy0; was prepared for each experiment and used to determine the
amount of H,0, in the experimental samples.

Detection af the hvdroxyl radical. The HO® detection method was
adapted from Makrigiorgos et al (24). Coumarin-3-carboxylic acid
(CCA. | mM) was dissolved in buffer (10 mM, sodium phosphate, pH
7.4, 0.9% NaCl) under continuous stirring and heating at 70°C for 60
min and allowed to cool to room temperature. The experimental sample
(2 ) was added to 198 pl of the CCA solution in a 96-well plate at D,
60 and 120 min after generation of ROS. Each sample was measured as
described above at 360 nm excitation and 460 nm emission.

Gel electrophoresis. Electrophoresis of LAP-B1 and LAP-A2 was per-
formed on a Phastgel gel system (Amersham-Pharmacia) using §5-25%
SDS-PAGE gels and was visualized by Coomassie Brilliant Blue.

Circalar dichrioism. Circular dichroism was performed on untreated.

heat-treated or Fe(IllVascorbate-treated samples of LAP-R1 (carrier-free.
from R&D Systems) using a Jasco J-810 system. Samples were diluted
in 5 mM Hepes, pH 7.0, before scanning from 190-260 nm. The sec-
ondary structure content was calculated using Spectra Manager software.

Disulfide bonad determination. The structural integrity of the disulfide
bonds was determined by measuring the amount of reduced cysteines
with the Ellman test (25). Briefly, a 3-ml solution of 0.1 pM LTGF-
was prepared in 10 mM potassium phosphate and mixed with 0.1 ml of
5.5'-dithiobis{2-nitrobenzoic) acid (4 mg/ml in 10 mM potassium phos-
phate). After 15 min the absorbance was measured at 410 nm and com-
pared to a standard reference of DTNB (4 mg/ml in 10 mM potassium
phosphate). The concentration of sulfydryl groups was calculated from
the equation: concentralion of sulfydryl groups = [A,(sample} —
Ayelreference) /13650, This value allowed the percentage of reduced cys-
ieines to be calculated based on TGF-B1 and TGF-B2 having 9. LAP-R1
having 3. and LAP-532 having 5 cysteine residues.

LAP and TGF-BI recombination. To determine which partner was
functionally modified by ROS. TGF-B1 or LAP-RB1 was pretreated with
Fe(llT)/ascorbate for 2 h at 37°C. In some experiments this treatmenl was
followed by exposure to 2 mM dithiothreitol (DTT) for 2 h prior o
recombination. Untreated TGF-R1 and LTGF-R1 were used as posilive
and negative controls. respectively. ROS-exposed and unexposed
TGF-A1 (1 pg/ml) and LAP-B1 (5 pg/ml) were incubated together in
various combinations for 2 h at 37°C. The solution was diluted into the
effective range of the TGF-B bioassay, and inhibition of activity was
measured using the bioassay as in the TGF-P experiments.

RESULTS

Activation of LTGF-B by ROS is Specific fo the
LTGFB-1 Isoform

Our previous studies demonstrated that LTGFR-1 was
efficiently activated by ROS generated in solution by metal-
catalyzed ascorbate oxidation (i.e. Fenton chemistry) (21).
To determine whether ROS-mediated activation is common
to all three LTGF-p£ isoforms, LTGF-B2 and LTGF-33 were
exposed to Fe(Ill)/ascorbate-generated ROS. After ROS ex-
posure, TGF-P activity was measured using the PAI-1 lu-
ciferase assay. This assay serves as a sensitive biodetection
system for active TGF-p regardless of isoform. Once acti-
vated., TGF-[3 binds receptors on the surface of cells trans-
fected with a TGF-P-responsive reporter gene consisting of
plasminogen activator inhibitor fused with luciferase (23).
Heat treatment (80°C. 5 min) is the standard method for
LTGF-f activation, which served as an activation control
for subsequent experiments. Consistent with previous ob-
servations (2/) and as shown in Fig. 1, ROS activation of
LTGF-1 produced a greater amount of TGF-1 activity
than did heat treatment. This phenomenon was observed
consistently with purified recombinant LTGF-Bl. As ex-
pected. purified recombinant LTGF-B2 was efficiently heat-
activated to levels similar to that of LTGF-$ 1, but treatment
with Fe(Ill)/ascorbate produced no significant activation. in
direct contrast to the efficient LTGF-P1 activation observed
by ROS treatment.

Because LTGF-B3 is not available commercially, it was
overexpressed in CHO-K1 cells to evaluate whether
LTGF-33 was sensitive to ROS activation. Serum-free con-
ditioned medium was collected. exposed to heat, and as-
sessed for TGF-P activity. Heat treatment of the condi-
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FIG. 1. Isoform specificity of LTGF-$ activation exposed to ROS gen-
erated by Fe(lllVascorbate. LTGF-B1 was substantially activated after
treatment with the ROS-producing Fe(lllVascorbate system. Neither
LTGF-B2 nor LTGF-23 was activated to the same exient by the ascorbate
systeml. The values plotted are normalized to the amount of activation
observed by heat treatmenl. ROS-activated recombinant LTGF-B1 con-
sistently released more active TGF-g1 than heat-treated LTGF-R 1. Using
a two-tailed Student’s 1 test. a P value of 2.6 > 10-* was obiained for
the comparison of heal and ROS activation of LTGF1: for the com-
parison of ROS activation of LTGF-g1 to LTGF-§22 or 3. the P value
was 2.3 % 10-% and 2.1 % 1075 respectively.

tioned medium resulted in significant TGF-p activity,
which was abolished by the addition of TGF-[23-specific
neutralizing antibody (data not shown). Fe(Ill)/ascorbate
treatment of medium conditioned by the LTGF-33-produc-
ing CHO-K1 cells did not generate significant TGF-p ac-
tivity. Although unlikely, it was possible that the condi-
tioned medium contained substances that interfered with
ROS activation of the LTGF-B3. Therefore. to rule this out.
the conditioned medium was spiked with LTGF-B1 and
subjected to Fe(Ill)/ascorbate activation. Activation of
LTGF-1 was observed, suggesting that no substances were
present in the conditioned medium that interfered with
Fe(IlI)/ascorbate activation. These results indicate that ROS
activation is isoform-specific and that only the LTGF-31
isoform is susceptible.

Hvdroxyl Radicals are Responsible for ROS Activation
of LTGFB-1

The Fe(lll)/ascorbate reaction generates a spectrum of
ROS. including HOr, O, and H,O,. To rule out a role of
byproducts or reaction components, each was characterized
for its role in the activation process. Individually, none of
the reaction components or byproducts, such as dehydroas-
corbic acid (DHA), was capable of significantly activating
LTGF-21 (Fig. 2), which indicated that activation of
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50

FIG. 2. Activation of LTGF-31 by the components of the Felllly/ascor-
bate system. Individual components, Fe(lll) or ascorbic acid. did not ac-
tivate LTGF-1 to levels observed with the complete system. A byprod-
uct of the Fetlllyascorbate Fenton chemistry, DHA., also did not activate
LTGF-g1. nor did the combination of DHA and ascorbate. Comparison
of Fe(lll)Vascorbate activation to individual components and byproducts
with a two-talled Student’s 7 test gave P values of 1.4 * 10-7° for Fe(IIl),
3.3 = 0= for ascorbate, 1.3 = 10-F for DHA, and 1.5 > 10~ for DHA
and ascorbate.

LTGF-B1 was not the result of a direct effect from a com-
ponent of the Fe(lll)/ascorbic system but was most likely
due to ROS generated during the reaction.

Analysis of ROS produced by the Fe(Ill)/ascorbate sys-
tem confirmed that elevated levels of HO® and H,O, were
present throughout the 2-h course of the experiment (data
not shown). To determine which ROS generated by Fe(IIl)/
ascorbate system were required for LTGF-B1 activation,
scavengers of 0,77, HO® and H,O, were added to the re-
action individually. Superoxide dismutase (50OD) efficiently
removes O, produced in vive and in virro (26). The pres-
ence of SOD in the reaction mixture did not significantly
affect activation by Fe(Ill)/ascorbate, suggesting that O,
was not required for Fe(Ill)/ascorbate activation. Rather
than blocking activation, SOD led to a moderate increase
in LTGF-B1 activation (Fig. 3). Denatured SOD was used
as a control to confirm that enzymatic activity of SOD was
required for this phenomenon. Results of these experiments
indicate that O, was not responsible for Fe(Ill)/ascorbate
activation of LTGF-P1, and these data suggest that it may
be deleterious to the activation process or that SOD may
effect the bioactivity of TGF-B1.

Other candidates for the ROS-mediated activation were
H,O, and HO. Catalase promotes the dismutation of H,0,
to O, and H,O. Thus its presence would reduce the amount
of available H,O., but because H,0, can be an intermediate
precursor to HOr, reducing H,O, would also lead to a con-
comitant decrease in HO. Addition of catalase to the
Fe(Ill)/ascorbate reaction significantly reduced LTGF-31
activation (Fig. 3B). whereas addition of denatured catalase
did not. A parallel assay of ROS generated under these
conditions showed that catalase reduced the H,O, levels by
25% and HO" levels by 26% at 2 min (Table 2). Thus scav-
enging H,O, or interfering with production of HO" reduced
LTFG-B1 activation.
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¥ FIG. 4. Hydroxyl radical scavengers inhibited ROS-mediated activa-
B tion of LTGF-21. DMSO and ethanol (EtOH) scavenge hydroxy! radicals,
— and increasing concentrations of either reagent blocked activation of
g | LTGE-B by ROS. Values are expressed as percentage of active TGF-pB
£ 2804 after Fedllliascorbate activation. Ethanol blecked activation more effi-
'E_.; 200 4 ciently, with P values of 0,003, 0.008 and 0.003 at 5, 500 and 750 mM,
g 150 | respectively. compared to Fe(lll)/ascorbate activation, using a two-tailed
E Student’s 1 tesL
t j00
k- | . -
0 turned to examination of HO". If HO" were responsible for
untreated heat Fedlil}/Asc Fe(lifAsc Fe{lll}/Asc+

+catalase  dengtured catalase

FIG. 3. Effect of scavenging by SOD and catalase on the activation
of LTGF-B1 by ROS. Panel A: The presence of SOD, an enzymatic
scavenger of superoxide. did not inhibil the ability of ROS to activate
LTGF-g1. Denatured SOD was used as a negative control. Experimental
values are expressed as the percentages of active TGF-B observed after
heal activation. Panel B: Catalase, an enzymalic scavenger of H,0,. sig-
nificantly inhibited the ability of Fe(lllWascorbate-generated ROS to ac-
tivate LTGF-B 1. A two-tailed Student’s f test comparing activation levels
with and without catalase gave a P value of 0.01. Denatured catalase did
not inhibit this process, sugeesting that enzymatic activity of the catalase
was necessary to bleck activation by the FeiIll Vascorbate system.

Our previous studies suggested that H-O, was not di-
rectly responsible for activation of LTGF-B1. Addition of
H.O; in concentrations ranging from 10-400 pM directly
to solutions of LTGF-B was not sufficient for activation
(27). Furthenmore, addition of higher concentrations of
H,0, did not lead to activation LTGF-f3. Thus our attention

the ROS-mediated activation of LTGF-P1, then specific
scavengers would be expected to inhibit LTGF-B1 activa-
tion. Indeed. increasing concentrations of DMSO (0.5 mM
to 500 mM) added to the Fe(Ill)/ascorbate system signifi-
cantly reduced the amount of LTGF-P1 activation (Fig. 4).
The greatest effect was observed at 50 mM DMSO. Parallel
studies confirmed that addition of 500 mM DMSO reduced
the amount of HO" to 40% of control levels after 60 min
Similarly, addition of ethanol to the Fe(Ill)/ascorbate treat-
ment of LTGF-31 reduced activation (Fig. 4) and decreased
the amounts of HO" and H,O, in a dose-dependent manner
(data not shown). Although other ROS may also contribute
to activation of LTGF-B1, the above results indicate that
the presence of HO" was critical for LTGF-B1 activation.

LAP-B1 is the Target of ROS Activation

The observation that HO" was critical for ROS activation
led to the hypothesis that oxidation of LTGF-31 caused a

TABLE 2
Amount of H,O, and HO" Produced after LTGF-B1 Treatment with Fe(III)/ Ascorbate
and Fe(IITyAscorbate + Catalase

Fe(IIlVascorbate +

Fe(lll}fascorbate +

Time (min) Control Fe(IllVascorbate catalase denatured catalase
H,0, 2 50 100 76 (£3) 72 (x4)
6 48 141 (*+R) 103 (+6) 137 (£9)
120 48 183 (= 10) 128 (+8) 189 (£7)
HOr 2 35 100 74 (13) 100 {£5)
60 42 87 (£2) 93 (x7) 86 (Z6)
120 29 111 (£18) 100 (£9) L4 (£7)

Notes. Values are expressed as percentages (£SE) of the Fe(Ill)/ascorbate sample at 2 min. which corresponds to
0.65 = (.06 mM H,0,. Detection was measured in relative units. Representative of # = 3 independent experiments.
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conformational change in the latent complex, allowing re-
lease of active TGF-1. In support of this hypothesis, we
had noted that ROS-treated LAP-RB1 migrated differently
than untreated LAP-B1 in nonreducing SDS-PAGE. This
did not occur with LAP-B2 or with TGF-B1 (data not
shown). Treated and untreated LAP-P2 or TGF-B1 migrat-
ed similarly. This observation suggested that LAP-31 may
be the target for ROS-mediated activation via conforma-
tional changes induced by ROS. To test whether the con-
formation of LAP-1 was indeed altered by Fe(Ill)/ascor-
bate treatment, circular dichroism was performed. Interest-
ingly, this treatment caused changes that increased the al-
pha helix content from 12.9% in the untreated to 41.7% in
the Fe(Ill)/ascorbate-treated sample. No increase in the beta
sheet or random coil content was observed: neither treated
nor untreated samples contained any beta sheet and random
coil. However, heat treatment resulted in dramatic changes
in the secondary structure of LAP-B1. The alpha helical
content was completely abolished. beta sheet content was
increased from zero to 54.7%, and random coil content was
increased from zero to 13.5% by heat treatment. Thus treat-
ment of LAP-1 ROS induced restricted conformational
changes, while heat caused changes consistent with dena-
turation.

To determine whether the ROS-induced changes in LAP-
Pl were functionally significant, TGF-B/LAP-1 associa-
tion experiments were conducted. TGF-31 activity can be
inhibited by LAP in virro and in vive by overexpressed
LAP (27). Noncovalent association of LAP-pP1 and
TGF-f1 has a K, of approximately 107°, indicating that re-
association is highly favored (28). However, latent complex
reformation can be impaired by degradation or by protein
modification; for example, nitric oxide treatment modifies
LAP-B1 to prevent its association with TGF-B (29). Thus,
if ROS treatment caused functional modifications in LAP-
BL, it was likely that the LAP-B1 would fail to associate
with TGF-1 to form the latent complex and neutralize its
activity; the same would be true if TGF-B1 was the target
of modification. Incubation of equimolar amounts of TGF-
Bl with biological activity LAP-B1 decreased the of
TGF-p1 by approximately 60% (Fig. 5), suggesting for-
mation of the latent complex. ROS treatment of TGF-31
prior to incubation with untreated LAP-1 did not hinder
efficient neutralization of TGF-B1 activity. However, when
LAP-p1 was treated with Fe(Ill)/ascorbate prior to incu-
bation with TGF-31. only a minimal reduction in biological
activity of TGF-[31 was observed. This suggested that LAP-
B1 was modified in a manner that prohibited the neutrali-
zation of the TGF-A1 activity. Either the conformational
changes in LAP-31 induced by ROS and observed by cir-
cular dichroism were sufficient to prohibit association with
TGF-p1 or LAP associated with TGF-1 but did not neu-
tralize TGF-B1 activity. In favor of the former explanation,
TGF-B1 activity was neutralized if the Fe(IlI)/ascorbate-
treated LAP-PB1 was subsequently exposed to a low con-
centration (2 mM) of a mild reducing agent, dithiothreitol
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FIG. 5. ROS exposure of LAP-B1 prevented neutralization of

TGF-B1 activity. Incubation of LAP-A1 with TGF-B1 in solution neu-
tralizes the biological activity of TGF-1 presumably by the formation
of the latent complex. Treatment of TGF-B1 with ROS prior to co-in-
cubation did not hinder neutralization of TGF-21 activity. However. treat-
ment of LAP-f1 with ROS prior to co-incubation did nol neutralization
TGF-1 activity. Addition of DTT (2 mM) to reduce LAP-BI after ROS
treatment restored the nentralization of TGF-B1 activity by LAP-B1. sug-
gesting that the oxidation events occurring in LAP-B1 are reversible un-
der mild reducing conditions. Two-tailed Student’s ¢ test P values for
LAP-B1, TGF-A1 + LAP-1. ROS-treated TGF-31 + LAP-BL. and
TGF-AL + ROS-treated LAP-1 followed by reduction with DTT are 7
#1012, 7 % 10-° 1 ¥ 10-" and 4 x 10-% respectively.

(DTT). DTT at this low level is not detrimental to the ac-
tivity of the TGF-p protein (not shown). This reversibility
supports the specificity of the oxidation and is consistent
with the hypothesis that LAP-J1 is the target of oxidation,
which modifies the protein in a specific manner to cause
release of TGF-BI.

Methionine 253 is Critical for Oxidative Activation
of LTGF-B1

Carbohydrate moieties as well as amino acid side chains
are potential sites for oxidation to occur within a glycopro-
tein such as LTGF-f1. To address the possibility of car-
bohydrates as targets of ROS, LTGF-B1 was carefully de-
glycosylated with a series of specific deglycosylases fol-
lowed by evaluation of ROS activation. Interestingly, in
contrast to previous reports (/6), deglycosylation did not
activate LTGF-31, and more importantly deglycosylated
LTGF-$1 responded to ROS activation in a similar manner
to glycosylated LTGF-B1 (J. D. Mott and P J. Walien, un-
published observations). Although it is possible that car-
bohydrate moieties may be oxidized during the ROS treat-
ment, they were not targets within LAP-B1 responsible for
ROS activation. Thus our attention focused on amino acid
side chains as targets for ROS activation.

Several amino acids can undergo reversible biological
oxidation, including cysteine and methionine. Each LAP-
31 monomer contains three cysteine residues, two of which
are involved in the formation of disulfide bonds essential

for dimer formation. Correct pairing of these cysteine res- |
ERe]
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idues is critical for LAP-1 to form the latent complex with
TGF-L1 (30). Cysteine residues paired in disulfide bonds
are in an oxidized state and are unlikely targets of the ox-
idation reaction leading to LTGF-B1 activation. The re-
maining cysteine, at position 33, is known to interact with
cysteine residues with the LTBP (3/). Because the
LTGF-1 protein used in the above experiments was ex-
pressed in the absence of the LTBP it was possible that
cysteine 33 was in a reduced state or that disulfide bonds
were not correctly paired, leaving unpaired sulthydryl
groups available to participate in the ROS-mediated acti-
vation. The Ellman test (23) was used to evaluate the num-
ber of free thiol groups in the wild-type LTGF-21 and re-
sulted in the expected number of two free thiol groups. The
cysteine residue at position 33 in LTGF-B1 is conserved
between all three LTGF-£ isoforms, and the observation
that only LTGF-B1 was susceptible to ROS-mediated acti-
vation suggested that cysteine 33 was an unlikely partici-
pant in ROS-mediated activation. However, to directly test
the participation of cysteine 33, LTGF-1 with serine sub-
stituted for cysteine 33 was stably transfected in HEK-293
cells. Serum-free medium containing the expressed mutant
was collected and subjected to activation by Fe(Ill)/ascor-
bate. Results showed that LTGF-B1 Cys335er was activated
by Fe(lll)/ascorbate or by heat identically to wild-type
LTGF-21 (data not shown). Taken together, these results
indicate that cysteine 33 does not participate in the ROS-
mediated activation of LTGF-21.

Each monomer of LAP-1 contains five methionine res-
idues, which are also susceptible to oxidation. Of these five,
two methionines (132 and 253) are unique to LAP-p1 (Fig.
6A). Because only LAP-B1 was susceptible to oxidative
changes. we hypothesized that these two unique methio-
nines played a role in the process of ROS activation. To
examine this. single point mutations of methionine to ala-
nine were made at position 132 or 253, methionines unique
to LAP-B1. Additionally. a substitution at a conserved me-
thionine, position 112, was also made to serve as a control.
Mutants, as well as wild-type LTGF-1. were transiently
expressed in HEK-293 cells. Serum-free conditioned me-
dium was collected and characterized for LTGF-B1 acti-
vation. Like the wild type, the mutants formed latent com-
plexes that could be activated by heat treatment. which was
used to nomalize the ROS-mediated activation. Mutants
MI12A and MI132A were efficiently activated by ROS
treatment; indeed, these mutants were more susceptible to
ROS activation than was the wild type (Fig. 6B). However,
mutant M253A was resistant to ROS-mediated activation.
These results indicated that the methionine at position 253
was critical for ROS-mediated activation.

In summary, this study provides a unique mechanism of
LTGF-A1 activation involving ROS and a redox switch that
requires the participation of methionine 253. This mecha-
nism allows LAP-$1 to act as a sensor of ROS in tissues,
resulting in rapid release of TGF-$1 that triggers cellular
responses to oxidative stress.

A
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FIG. 6. Susceptibility of LTGF-B1 mutants to ROS activation. Panel
A: The LAP sequences of the three LTGF-B isoforms were aligned using
Multiple Sequence Alignment (MAFFT) via the ExPASy Proteomics
Server at http://ca.expasy.orgf. The sequences were analyzed with Blos-
um62 using a gap opening penalty of 1.53 and an offset value of 0.123,
Methionine positions of interest are shown in bold. Methionines at 132
and 253 are unique to LAB-21. Panel B: Medium conditioned by HEK-
293 cells transiently expressing wild-type or mutant LTGF-[21 was treated
with heat or Fe(lll)/ascorbate followed by assay for TGF-f activity. To
compare the amount of TGF-R1 activation induced by ROS, the amount
of ROS activation was normalized to the amount of activity produced by
heat treatment of an aliquot of the same conditioned medium. The values
are expressed as percentages of ROS activation as a function of heat
activation. Three independent experiments were performed. Mutation of
methionine 253 was significantly less susceptible to ROS activation com-
pared to wild-type LTGF-B1 (P value of (.02 using a two-tailed Student’s
I lest).

DISCUSSION

Biclogical activity of TGF-p is restrained by secretion
as a latent complex. which makes activation a major reg-
ulatory point. Most modes of activation require the partic-
ipation of one or more additional proteins (e.g. proteases.
integrins). However, we have identified a unique mecha-
nism of LTGF-p 1 activation by ROS that is intrinsic to the
protein, and importantly to this isoform. Our previous stud-
ies have shown that LTGF- can be activated rapidly in
vive by ionizing radiation, which is known to generate
ROS. Our subsequent biochemical experiments showed that
LTGF-£ could indeed be activated by ROS in solution (2/).
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